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21 Abstract

22 Plant proteins offer a promising clean-label alternative to synthetic surfactants, but their 

23 emulsifying properties are strongly dictated by pH. This study investigates how pH (3.0 and 7.0) 

24 governs the physicochemical stability, in vitro lipid digestion, and β-carotene bioaccessibility in 

25 emulsions stabilized by wheat, pea, and soy proteins, benchmarked against a Tween 80 

26 nanoemulsion. Interfacial tension analysis confirmed Tween 80’s superior performance (reaching 

27 2.3 mN · m-1 at pH 3.0 and 1.7 mN · m-1 at pH 7.0). Among the proteins, wheat was most effective, 

28 and all proteins showed higher activity at pH 7.0 (2.4-2.8 mN · m-1) than at pH 3.0 (3.3-4.2 mN · 

29 m-1). In terms of colloidal stability, at both pH levels the Tween 80 nanoemulsion remained stable 

30 with a consistent size of ~0.2 µm. At pH 3.0, wheat protein emulsions were highly stable, forming 

31 fine droplets (0.42 µm) and increased electrostatic repulsion (+15 mV). Conversely, soy and pea 

32 emulsions were unstable at pH 3.0 (droplets >6 µm) but stabilized at neutral pH, where wheat 

33 emulsions destabilized (droplets >7 µm). The small size of the Tween 80 nanoemulsion enabled 

34 the fastest (24.5 %/min0.5) and most complete (79.5%) lipid digestion, while protein emulsions 

35 digested slower. Notably, wheat protein emulsions at pH 3.0 achieved a superior β-carotene 

36 bioaccessibility (14.5%), comparable to the Tween 80 nanoemulsion (12.5%). This performance 

37 was attributed to efficient proteolysis and micelle formation. Soy and pea proteins had lower 

38 bioaccessibility (8-10%). These findings show that wheat protein at acidic pH is a promising clean-

39 label strategy for enhancing both emulsion stability and nutrient bioaccessibility.

40

41 Keywords: Emulsification, Emulsifier, Stabilizer, digestibility, beta carotene, pH stat
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42 1 Introduction

43 β-carotene is a carotenoid widely present in fruits and vegetables, known for its potential health 

44 benefits such as reducing the risk of certain cancers, cardiovascular diseases, and age-related 

45 macular degeneration 1. Despite these benefits, the integration of β-carotene into functional foods 

46 and nutraceutical products faces significant challenges due to its inherent instability and poor 

47 solubility in aqueous media. Factors such as exposure to oxygen, heat, light, and acidic 

48 environments significantly diminish its bioactivity and bioavailability 2. This degradation is 

49 particularly pronounced during food processing, storage, and gastrointestinal digestion 3. Moreover, 

50 its low water solubility further complicates its incorporation into aqueous-based food systems 4. To 

51 address these limitations, various encapsulation techniques as delivery systems have been explored 

52 to enhance β-carotene’s stability and bioavailability. Among these, oil-in-water (o/w) emulsions, 

53 have gained considerable attention due to their ease of preparation, scalability, and cost-

54 effectiveness, making them suitable vehicles for lipophilic bioactives 5.

55 The global food and nutraceutical markets are undergoing a significant transformation driven by 

56 consumer demand for “clean-label” products, which are perceived as more natural and healthier. 

57 This trend has created a pressing need to replace synthetic additives, such as the widely used non-

58 ionic surfactant Tween 80, by functional plant-based alternatives 6,7. Plant proteins, sourced from 

59 abundant crops like wheat, soy, and pea, have been identified as leading candidates for this role due 

60 to their natural origin, nutritional benefits, and inherent amphiphilicity, which allows them to 

61 stabilize oil-in-water emulsions 8. Plant proteins are especially appealing emulsifiers because of 

62 their biocompatibility, sustainability, and capacity to encapsulate and deliver bioactive compounds 

63 effectively 7,9. 

64 Current research suggests that while plant proteins are good natural emulsifiers, they often need to 

65 be combined with other ingredients to effectively protect sensitive nutrients like β-carotene. To 

66 achieve this, previous studies have largely focused on two major approaches: physical 

67 complexation and chemical or metal-ion coordination.
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68 Physical approaches, such as protein-polysaccharide complexes and multilayer interfacial 

69 assembly, typically involve layering plant proteins with carbohydrates or natural surfactants 10,11. 

70 The primary advantage of this strategy is the creation of a thick, firm physical barrier that 

71 excellently prevents oil droplets from coalescing, thereby improving structural stability 10. 

72 However, a major limitation is that these thick shells can impede the action of digestive enzymes. 

73 For instance, while some pectin-coated systems allow for moderate digestion 11, dense multi-

74 layered coatings (e.g., zein, alginate, and rhamnolipid) can protect the oil so effectively that they 

75 significantly slow down lipid digestion, which hinders the immediate bioaccessibility and 

76 absorption of β-carotene 12.

77 In contrast, chemical modifications and metal-ion coordination focus on tightening the interfacial 

78 layer rather than just thickening it. Techniques that create covalent bonds between proteins and 

79 antioxidants 13, or utilize metal ions (like iron) to cross-link proteins and polyphenols 14, offer 

80 distinct advantages. These methods form dense, highly cohesive shields that strongly resist 

81 environmental degradation while maintaining excellent nutrient release, achieving higher β-

82 carotene bioaccessibility (up to 46.5%) compared to physical mixtures 13,14. While highly effective, 

83 the limitation of these complex modification methods alongside other treatments like heating 15, 

84 irradiation 16, sonication 17, hydrolysis 18, oxidation 19, and pH-shifting 20 is that they often 

85 complicate food processing and drift away from the simplicity desired in clean-label formulations 

86 21.

87 Consequently, a significant knowledge gap remains. Much of the current literature focuses heavily 

88 on adding complex ingredients or utilizing intensive modifications to overcome the inconsistent 

89 performance of plant-protein emulsions. However, fundamental studies on how the food matrix’s 

90 most basic intrinsic property such as environmental pH directly governs the performance of these 

91 delivery systems are limited. Despite the general understanding that pH modulates protein 

92 conformation and charge 22,23, it remains entirely unclear how the intrinsic pH of a simple, 

93 unmodified plant-protein emulsion impacts the ultimate biological fate of the encapsulated 
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94 bioactive. There is a lack of systematic investigation directly linking the pH-dictated electrostatic 

95 charge of different proteins in the aqueous phase to subsequent lipid digestion kinetics and nutrient 

96 bioaccessibility, which is the true measure of a delivery system’s success.

97 The influence of pH on protein structure and function is a cornerstone of protein science 24. It is 

98 well-established that pH modulates a protein’s net surface charge, governed by the protonation state 

99 of its acidic and basic amino acid residues 22. Consequently, at pH values distant from a protein’s 

100 isoelectric point (pI), increased electrostatic repulsion enhances solubility and promotes the 

101 formation of a stable, charged layer at the oil-water interface, which is critical for preventing droplet 

102 coalescence 24,25. Conversely, near the pI, reduced charge leads to protein aggregation and poor 

103 emulsifying performance 26. Furthermore, pH can induce conformational changes, causing proteins 

104 to partially unfold 24. This unfolding can expose buried hydrophobic regions, which may enhance 

105 the protein’s ability to adsorb to the oil interface, but can also lead to irreversible aggregation if not 

106 properly controlled 27. Previous studies have extensively characterized these pH-dependent changes 

107 in solubility 28, surface hydrophobicity 26, and interfacial rheology 24 for various plant proteins.

108 While these relationships between pH and the physicochemical aspects of emulsion formation are 

109 well-documented, we hypothesize that these pH-governed interfacial properties have direct and 

110 predictable consequences for the biological performance of the emulsion as a delivery system. 

111 Specifically, we propose that the formation of a stable, highly-charged interfacial layer under 

112 optimal pH conditions does not only prevent physical destabilization but also critically mediates 

113 the accessibility of the lipid core to digestive enzymes, thereby controlling lipolysis kinetics and 

114 the subsequent bioaccessibility of encapsulated nutrients. 

115 Therefore, this study aims to systematically test this hypothesis by evaluating the emulsifying 

116 properties of wheat, pea, and soy protein isolates within two distinct pH environments. β-carotene-

117 loaded emulsions at pH 7.0 (representing neutral foods) and pH 3.0 (representing acidic foods) were 

118 prepared and characterized. These conditions were strategically chosen to create distinct charge 

119 profiles for each protein based on their known isoelectric points, allowing for a clear assessment of 
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120 how they would behave under different scenarios. The investigation will comprehensively link 

121 fundamental interfacial properties and emulsion stability metrics to functional outcomes, namely 

122 in vitro lipid digestion kinetics and β-carotene bioaccessibility. By benchmarking these systems 

123 against a conventional Tween 80 nanoemulsion, this work will elucidate how environmental pH 

124 can be understood and leveraged to formulate highly effective, clean-label delivery systems for 

125 lipophilic bioactives.

126 2 Material and methods

127 2.1 Materials
128 Pea protein isolate (82.9 % protein, 3.5 % moisture, Profam, Lot E2104907B1), soy protein isolate 

129 (95.2 % protein, 3.0 % moisture, 0.4 % oil, Profam 974, Lot 22012011), and wheat protein isolate 

130 (89.0 % protein, 6.0 % moisture, 0.6 % fat, 0.9 % ash, Prolite MeatTex, Lot 223-16) were all 

131 generously provided by ADM (Netherlands, manufactured in the USA). Refined corn oil was 

132 sourced from Deoleo Global, S.A.U. (Córdoba, Spain). Polyoxyethylene (80) sorbitan monooleate 

133 (Tween 80) was acquired from Panreac (Barcelona, Spain). β-carotene, porcine pepsin (77160), 

134 dried unfractionated bovine bile (B3883), pancreatine (≥ 3 USP, P1625), HCl, NaOH, CaCl2(H2O)2, 

135 (NH4)2CO3, NaCl, KH2PO4, CH3COOH, CH3COONa and MgCl2(H2O)6 were purchased from 

136 Sigma Aldrich (St. Louis, USA). KCl was obtained from Panreac (Barcelona, Spain). Ethanol with 

137 99.9 % purity from Fisher Chemical, Thermo Fisher Scientific (Leicestershire, UK), and hexane 

138 with > 95 % purity from Scharlau, Scharlab S.L. (Barcelona, Spain) were used in this study. 

139 Ultrapure water (Synergy® UV, Millipore, France) was used for all analyses.

140 2.2 Methods
141 2.2.1 Protein slurries preparation

142 Protein slurries (0.4 % w/w) of pea, soy, and wheat proteins were prepared by overnight hydration 

143 in pH 3.0 (acetate buffer) or pH 7.0 (phosphate buffer) with gentle magnetic stirring. To avoid 

144 clumping, protein powder was gradually added to the stirring buffer. These slurries served as the 

145 basis for preparing the emulsifiers and were also used for further analyses.
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146 2.2.1.1 Dynamic interfacial tension (DIFT) of the protein slurries and Tween 80 solution

147 To investigate protein adsorption at the oil/water interface, DIFT was measured using a Kruss DSA 

148 25 Drop Shape Analyzer (Krüss, Germany) with the inverted pendant drop method, following the 

149 procedure outlined by Velderrain-Rodríguez et al. 29 with slight modifications. Aqueous solutions 

150 of surfactants (0.1 % w/w Tween 80, wheat, pea, and soy protein isolates) were prepared in buffers 

151 at pH 3.0 and pH 7.0 overnight. These solutions were placed in a glass cuvette, and a high-speed 

152 camera recorded the profile of an oil droplet immediately after its formation from a J-shaped needle 

153 (0.5 mm) submerged in the solution. IFT was calculated using the simplified Young-Laplace 

154 equation:

155 𝜎 = 𝑅 𝑃𝑐

2  (Eq. 1)

156 Where ‘σ’ is the surface tension being a force that acts at the interface between oil and water, 

157 tending to minimize the surface area (N/m), ‘R’ is the experimental radius of the curved surface of 

158 the oil droplet (m). In our case where the interface is spherical, ‘R’ represents the radius of that 

159 spherical surface, and ‘Pc’ represents the pressure difference across the curved interface (Pa), which 

160 is also known as capillary pressure: the difference between the pressure inside the droplet and the 

161 pressure outside. This formula enables the quantification of the time-dependent deformation 

162 experienced by the oil droplet. Droplet deformation over time, quantified by IFT, reflects the 

163 emulsifiers’ ability to adsorb to the oil/water interface.

164 To assess the early-stage adsorption kinetics at the oil-water interface, the initial 10 minutes of 

165 interfacial tension (mN · m-1) was plotted against the square root of time (√t, in min0.5) 30. The initial 

166 slope of the linear region of the γ vs. √t curve was determined for each emulsifier using linear 

167 regression. The resulting slope (k) was expressed in mN · m-1 · min-0.5 and interpreted as the 

168 interfacial tension decay rate, representing the rate at which surface-active molecules adsorbed to 

169 the interface under diffusion-controlled conditions. Higher absolute values of k indicate a more 

170 rapid decrease in interfacial tension, suggesting faster initial interfacial activity.
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171 2.2.2 Emulsion preparation

172 2.2.2.1 Corn oil enrichment with β-carotene

173 A 0.1 % (w/w) β-carotene solution in corn oil was prepared by heating the mixture at 50 °C with 

174 continuous stirring for 15 minutes. This concentration is well below the reported maximum 

175 solubility of β-carotene in corn oil (0.41% ± 0.01%) 31, ensuring that the carotenoid remains 

176 molecularly dispersed in the lipid phase without recrystallization [sink condition]. The mixing was 

177 followed by a one-minute ultrasound treatment using an ultrasonic probe (UP400S, Hielscher 

178 Ultrasonics GmbH, Teltow, Germany) operating at 0.5 Cycle, 24 kHz and 50% amplitude to 

179 disperse any β-carotene aggregates and another 15 minutes of stirring at 50 °C to ensure complete 

180 dissolution 32. The container was covered with aluminium foil throughout the process to minimize 

181 light-induced degradation of β-carotene. 

182 2.2.2.2 Emulsions and nanoemulsions preparation

183 Emulsions and nanoemulsions were prepared using an aqueous phase consisting of pea, wheat, or 

184 soy protein, pre-stirred overnight in buffers at pH 3.0 or pH 7.0 (section 2.2.1). A control 

185 nanoemulsion was formulated using Tween 80 as the emulsifier. All formulations had a surfactant-

186 to-oil ratio (SOR) of 0.1. Initially, coarse emulsions were produced by mixing a 4 % lipid phase 

187 (enriched with β-carotene) and a 96 % aqueous phase 5. An oil phase concentration of 4 % (w/w) 

188 was selected for three primary reasons. First, it represents a model dilute functional beverage 

189 system. Second, it prevents high viscosity from interfering with the microfluidization process. 

190 Finally, and crucially for the subsequent in vitro digestion assays, a 4 % lipid fraction provides an 

191 optimal substrate-to-enzyme ratio. In standard digestion models, high oil concentrations can lead 

192 to the saturation of pancreatic lipase, artificially limiting lipolysis and masking the true effect of 

193 the interfacial layer 33,34. Conversely, highly dilute systems digest too rapidly to capture distinct 

194 kinetic profiles. The 4 % oil fraction ensures that enzyme availability is not the limiting factor, 

195 allowing us to accurately isolate and evaluate how the different pH-governed protein interfaces 

196 impact lipolysis kinetics and β-carotene bioaccessibility. The coarse emulsion was made using an 

197 Ultra-Turrax homogenizer (Model T25D, IKA Works, Inc., Staufen, Germany) at 7200 rpm for 3 
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198 minutes. These coarse emulsions were then passed through an microfluidizer (MP-110, 

199 Microfluidics Corp., Westwood, MA, USA) at 100 MPa for 3 cycles to produce the final emulsions 

200 and nanoemulsions. Freshly prepared emulsions were kept at 25 °C prior to analysis.

201 2.2.3 In vitro lipid digestion

202 The in vitro digestion procedure, adapted from Ramezani et al. 35 with minor modifications, 

203 comprised gastric and intestinal phases. Freshly prepared simulated gastric fluid (SGF) and 

204 simulated intestinal fluid (SIF), preheated to 37 °C, were used. SGF contained 100.58 mM KCl, 

205 13.12 mM KH2PO4, 7.29 mM (NH4)2CO3, 1052.48 mM NaCl, 1.75 mM MgCl2(H2O) in ultrapure 

206 water. SIF contained 10 mM CaCl2 and 160 mM NaCl.

207 The emulsion dose and digestive fluid volumes were selected to reflect physiologically relevant 

208 adult human gastrointestinal conditions, following the standardized INFOGEST 2.0-based protocol 

209 33. In vitro gastric digestion procedures commonly use a 1:1 meal-to-digestive fluid ratio, which 

210 mimics the fed-state gastrointestinal environment while allowing feasible reactor volumes in the 

211 laboratory 33,36. 

212 The oral phase was omitted as the structured lipid carriers were not expected to undergo significant 

213 physicochemical modifications during the brief exposure to simulated salivary conditions 37. The 

214 amount of initial material introduced into the gastric phase was adjusted for each sample based on 

215 its lipid content to ensure a standardized delivery of 0.25 g of oil 38. 

216 According to previous reports, extensive lipolysis in high-fat systems is governed by lower lipid-

217 to-lipase ratio 33,39. Therefore, near-complete digestion can be achieved either by increasing the 

218 lipase concentration or by diluting the lipid phase. To maintain the physiological relevance of the 

219 enzyme concentrations as defined in the INFOGEST protocol, the latter approach was adopted. 

220 Diluting the lipid system ensured that the lipase-to-substrate ratio was not a limiting factor, thereby 

221 facilitating near-complete lipid digestion. Accordingly, for the gastric phase, 6.25 g of each 

222 emulsion or nanoemulsion (containing 0.25 g of oil) was first diluted with 13.75 mL of Milli-Q 

223 water to reach a standardized sample mass of 20 g. Subsequently, this diluted sample was mixed 
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224 with SGF in a 1:1 (w/w) ratio by adding 20 mL of gastric reagents. These reagents consisted of 18.2 

225 mL of pepsin solution (8.8 mg/mL in SGF), 10 µL of 0.3 M CaCl2, and 1.39 mL of Milli-Q water. 

226 To strictly adjust the pH to 3.0, a variable volume of 1N HCl (maximum ~0.4 mL) was added; this 

227 concentration was selected to minimize the dilution effect, resulting in a final reaction volume of 

228 40 mL. The flasks were covered with aluminium foil and incubated in a digital opaque incubator 

229 chamber (I10-OE, OVAN, Spain) at 37 ºC and 100 rpm for 2 hours.

230 For the intestinal phase, 30 g of chyme from the gastric phase was combined with 3.5 mL of 

231 preheated bile salt solution (54 mg/mL in pH 7.0 phosphate buffer), and 1.5 mL of preheated SIF. 

232 The pH was adjusted to 7.0 with 1 M NaOH, and the intestinal phase was initiated by adding 2.5 

233 mL of pancreatin solution (124 mg/mL in pH 7.0 phosphate buffer). The mixture was stirred at 37 

234 °C for 2 hours, and the release of free fatty acids (FFAs) was monitored using a pH-STAT (Titrando 

235 902, Metrohm, Switzerland) with TIAMO 2.5 software. 

236 2.2.4 Physicochemical characterization of initial and digested emulsions and nanoemulsions

237 2.2.4.1 Particle size

238 Particle size was analysed using different instruments depending on the sample. Initial 

239 nanoemulsions stabilized with Tween 80 (diluted 1:1000 ultrapure water) were measured with a 

240 Zetasizer NanoZS (Malvern Instruments Ltd, Worcestershire, UK). For initial emulsions stabilized 

241 with proteins, as well as digested emulsions and nanoemulsions after the gastric and intestinal 

242 phases, a Mastersizer 3000 (Malvern Instruments LTD., Worcestershire, UK) was used due to the 

243 larger particle sizes. Results are reported as the volume mean diameter (d32). Measurements were 

244 performed at 25 °C using a refractive index of 1.466 for corn oil. Samples were dispersed in 

245 ultrapure water to reach an obscuration level between 4 % and 8 %, with stirring at 1800 rpm using 

246 a Hydro SM dispersion unit (Malvern Instruments Ltd.).

247 2.2.4.2 Microstructure

248 The microstructure of emulsions and nanoemulsions, both before and after each stage of simulated 

249 gastrointestinal digestion, was examined using an Olympus FV1000 confocal microscope 

250 (Melville, NY) with a ×100 objective lens. Samples (approximately 1 µL) were placed on 
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251 microscope slides and covered with coverslips. Images were processed and analysed using the 

252 Olympus FV10-ASW viewer software.

253 2.2.4.3 Particle charge

254 Particle charge (zeta potential) was measured before and after each stage of simulated digestion 

255 using a Zetasizer NanoZS (Malvern Instruments Ltd., Worcestershire, UK). Samples were diluted 

256 1:1000 in Milli-Q water and placed in a microelectrophoretic capillary cell. The zeta potential was 

257 calculated from the electrophoretic mobility using Henry’s equation, based on the frequency shift 

258 of a laser beam caused by particle movement towards an oppositely charged electrode. The cell 

259 temperature was maintained at 25 °C.

260 2.2.4.4 Dynamic viscosity

261 Dynamic viscosity of the initial emulsions and nanoemulsions was measured at 25 °C using a SV-

262 10 vibro-viscometer (A&D Company, Tokyo, Japan). The instrument measures viscosity by 

263 detecting the resistance of emulsions and nanoemulsions to the vibration of two sensor plates 

264 oscillating at 30 Hz with a 0.4 mm amplitude. Measurements were performed on 10 mL aliquots in 

265 a dedicated plastic cuvette. 

266 2.2.4.5 Colloidal stability

267 The stability of initial emulsions and nanoemulsions was evaluated using a Turbiscan MA 2000 

268 optical analyser (Formulaction, Toulouse, France). This instrument employs static multiple light 

269 scattering to non-destructively identify instability phenomena like flocculation, coalescence, 

270 sedimentation, or creaming, detecting these changes well before they become visible to the naked 

271 eye. A 7 mL sample was placed in a glass cell and scanned vertically with a near-infrared light 

272 beam (800 nm). Due to sample opacity, only backscattered light, detected at a 45° angle, was used 

273 for analysis. Backscattering intensity is affected by particle size and volume fraction, with smaller 

274 particles scattering more uniformly (Rayleigh scattering), and larger particles scattering more 

275 forward (Mie scattering), thus reducing backscattering. Higher volume fractions and multiple 

276 scattering in concentrated systems also influence backscattering intensity. Emulsions and 

277 nanoemulsions’ stability was monitored over a 24-hour period to characterize early physical 
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278 stability rather than long-term storage behaviour.

279 2.2.5 Lipid digestibility and β-carotene bioaccessibility

280 2.2.5.1 Free fatty acid release

281 The extent of lipid digestion was determined by measuring the volume of NaOH solution needed 

282 to neutralize the FFAs released by lipase activity. The percentage of FFAs released was calculated 

283 using the following equation:

284 % FFA = 
𝑉𝑁𝑎𝑂𝐻 × 𝑀𝑁𝑎𝑂𝐻 × 𝑀𝑤𝑙𝑖𝑝𝑖𝑑

2 × 𝑊𝑙𝑖𝑝𝑖𝑑
 (Eq. 2)

285 where VNaOH is the volume of NaOH solution used (L), MNaOH is the molarity of NaOH solution 

286 (mol∙L-1), Mwlipid is the molecular weight of the lipid (872.24 g∙mol-1, 40), and Wlipid is the initial 

287 weight of oil in the reaction vessel (g).

288 For the protein-stabilized emulsions, it is acknowledged that some NaOH consumption during the 

289 pH-stat assay could be due to protein hydrolysis in addition to lipid hydrolysis. However, given the 

290 low and constant protein-to-oil ratio (10 % w/w) used, the contribution from proteolysis was 

291 considered negligible to simplify calculations. Therefore, all consumed NaOH was attributed to the 

292 neutralization of free fatty acids from lipolysis. While this may lead to a slight overestimation of 

293 digestion in the protein systems, it does not affect the validity of the comparisons between them or 

294 the overall conclusions drawn relative to the Tween 80 benchmark.

295 2.2.5.2 Kinetics of lipolysis

296 To determine the transition time between the initial rapid and subsequent slower lipolysis phases, 

297 a 45° rotation transformation was applied to the time (𝑡) and FFA percentage data. This yielded 

298 rotated coordinates, trotated = (t + FFA) / 2, and FFArotated = (FFA – t) / 2. The time corresponding 

299 to the maximum FFArotated value was identified as the transition time. Each phase was then modelled 

300 individually using the equation:

301 FFA(t) = FFA0 + K · t 0.5 (Eq. 3)

302 where FFA(t) is the instantaneous FFAs release at time ‘t’ (%), FFA0 is the initial FFAs release at t 

303 = 0 (%), k is the rate constant (% · min-0.5), and t is time during the intestinal digestion process 
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304 (min). Model’s fit was assessed using R2 and residual plots. Significant differences between 

305 estimated parameters for different samples were determined using a 95 % confidence interval.

306 2.2.5.3 β-carotene bioaccessibility

307 In this study, the in vitro digestion was confirmed for β-carotene to be under sink conditions. The 

308 maximum theoretical concentration of β-carotene in the intestinal phase was calculated to be 

309 approximately 0.005 mg/mL (~9 µM). This value is well below the reported saturation limit of β-

310 carotene in mixed micelles (15 µL), ensuring that the bioaccessibility measurements were not 

311 limited by the solubility capacity of the micellar phase 41. 

312 After 120 minutes of in vitro intestinal digestion, the digest was centrifuged at 4788 × g for 30 

313 minutes at 25 °C (Micro 220R, Hettich, Tuttlingen, Germany) to separate the phases. This resulted 

314 in a bottom precipitate, a middle clear micellar phase containing bioaccessible β-carotene, and a 

315 thin top layer of undigested oil. A 0.5 mL sample of the micellar phase was collected, vortexed 

316 with 5 mL of hexane-ethanol (3:2) for 30 seconds, and the β-carotene content in the upper hexane 

317 layer was measured spectrophotometrically at 450 nm (UV–VIS spectrophotometer V-670 Jasco, 

318 Tokyo, Japan) using a hexane blank. β-carotene content was quantified using a standard curve based 

319 on hexane. β-carotene bioaccessibility (%) was calculated as:

320 β-carotene bioaccessibility (%) = 𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛
× 100 (Eq. 4)

321 where Cmicelle and Cinitial emulsion are the β-carotene concentrations (mg/mL) in the micellar fraction 

322 and the initial emulsion/nanoemulsion, respectively 42.

323 2.2.6 Statistical analysis

324 All treatments were performed in at least duplicate to ensure reliability. Data normality (Shapiro-

325 Wilk test) and variance homogeneity were checked using JMP Student Edition 18 (SAS Institute 

326 Inc.). Due to non-normal data and unequal variances, the Kruskal-Wallis test in RStudio (version 

327 2025.09.1 Build 401) was used to find differences among groups. When significant differences 

328 were found, Conover’s post-hoc test with FDR correction (PMCMRplus package, version 1.9.12) 

329 was applied for pairwise comparisons. Significance letters were assigned using the agricolae 
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330 package (version 1.3.7).

331 3 Results and discussion

332 3.1 Protein dynamic interfacial tension (DIFT)
333 The interfacial characteristics of proteins used as emulsifiers significantly influence lipid digestion, 

334 therefore, understanding their stabilization mechanisms is crucial. To examine the role of interfacial 

335 properties in lipid digestion, the DIFT at the oil-water interface for Tween 80 (as a benchmark), 

336 along with wheat, soy, and pea protein isolates was measured. All emulsifiers reduced IFT, 

337 indicating their adsorption to the oil-water interface (Figure 1). Although the emulsifiers displayed 

338 a similar overall pattern of DIFT orders across both pH conditions, their effectiveness in lowering 

339 IFT varied significantly.
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340

341 Figure 1. Interfacial tension (mN · m-1) over time (min) for Tween 80 ●, soy ▼, wheat ● and 
342 pea ▲ protein isolates (0.04 % w/w) at (A) pH 3.0 or (B) pH 7.0. Early-stage adsorption kinetics 
343 at (C) pH 3.0 or (D) pH 7.0.

344 At both pH, Tween 80 exhibited superior emulsification activity compared to the plant proteins, 

345 rapidly reaching a relatively constant IFT (Figure 1A & B). This suggests that Tween 80, the 

346 emulsifier with the lowest molecular weight (MW ≈ 1.23 kDa, compared to proteins with MW ≈ 

347 18–100 kDa), adsorbed more rapidly to the oil–water interface (kinetic constant of interfacial 

348 tension decay = -0.56 mN · m-1 · min-0.5, Figure 1C, -0.61 mN · m-1 · min-0.5, Figure 1D), leading 

349 to faster interface saturation and stabilization of oil droplets, consistent with previous findings 29. 
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350 The enhanced efficiency of Tween 80 can be attributed to a dual effect: its lower molecular weight 

351 promotes a higher diffusion rate, while its smaller molecular size enables a denser packing of 

352 amphiphilic molecules at the interface, resulting in more effective reduction of IFT 43,44. Moreover, 

353 the longer times required for proteins’ surface denaturation, a process involving conformational 

354 rearrangement of proteins upon adsorption at the oil-water interface, may further limit their 

355 efficiency in reducing IFT compared to Tween 80 44,45.

356 At pH 3.0, wheat protein was the most effective in reducing the IFT (Figure 1A). Soy and pea 

357 proteins showed similar behaviour, reaching final IFT values of 3.9 mN · m-1 and 4.2 mN · m-1, 

358 respectively, after two hours, while wheat protein exhibited an intermediate IFT value between the 

359 Tween 80 and other proteins, lowering the IFT to 3.2 mN · m-1. The interfacial tension of the 

360 protein-laden interface is hypothesized to be influenced by conformation or flexibility of the 

361 proteins and the surface hydrophobicity 46. Soy and pea proteins are globular proteins dominated 

362 by β-sheet-type secondary structures (hard proteins), whereas wheat gluten (soft protein) is 

363 considered an irregular plant protein 46,47. Globular proteins are less flexible and require more time 

364 to align to the interface 48. Therefore, greater conformational rearrangement of wheat proteins 

365 compared to soy and pea proteins can be expected during their adsorption at the interface. 

366 Moreover, wheat proteins are inherently hydrophobic, whereas soy and pea proteins exhibit greater 

367 water solubility 8. A negative correlation is often observed between surface hydrophobicity and 

368 interfacial tension 46. Proteins with higher surface hydrophobicity tend to adsorb more rapidly at 

369 the oil-water interface due to the stronger affinity of their hydrophobic residues for the oil phase. 

370 This enhanced interfacial activity facilitates quicker molecular reorientation and packing at the 

371 interface, ultimately resulting in a faster and more substantial reduction in interfacial tension 46. The 

372 kinetic constants of interfacial tension decay further support this observation, where soy and pea 

373 proteins exhibited kinetic constants of -0.16 mN · m-1 · min-0.5 and -0.11 mN · m-1 · min-0.5, 

374 respectively, whereas wheat protein displayed an intermediate rate of -0.23 mN · m-1 · min-0.5. 

375 However, at pH 7.0 (Figure 1B), all emulsifiers exhibited greater reductions in IFT compared to 
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376 their respective behaviour at pH 3.0 (Figure 1A). At pH 7.0, the final IFT values after two hours 

377 were 1.72 mN · m-1 (Tween 80), 2.39 mN · m-1 (wheat), 2.75 mN · m-1 (soy), and 2.63 mN · m-1 

378 (pea). This reduced IFT indicated enhanced interfacial activity, which is likely due to the improved 

379 ability of the emulsifiers to adsorb at the interface and undergo structural rearrangements 24. This 

380 observation is consistent with Shimizu et al. 49, who found that the more rigid and denaturation-

381 resistant conformation of β-lactoglobulin at pH 3.0 compared to pH 7.0 led to reduced emulsifying 

382 and surface activity at acidic pH. Aluko and colleagues also found that at a pH of 7.0, the foaming 

383 ability of pea and soy protein isolates increased compared to at pH 3.0 50. This improvement was 

384 attributed to a higher net charge density at pH 7.0, which enhanced protein unfolding and flexibility, 

385 thereby promoting the formation of a stable interfacial film. Zhou et al. 24 also reported that wheat 

386 protein exhibited a greater ability to reduce interfacial tension at alkaline pH compared to acidic 

387 pH. This was attributed to the alkaline shift which enhanced the proteins’ adsorption kinetics, 

388 thereby facilitating faster and more effective diffusion to the oil-water interface. As reported by 

389 Gharsallaoui et al. 51, while pea proteins adsorbed more rapidly at pH 7.0 than under acidic 

390 conditions (pH 2.4), the resulting interfacial films were weak and inhomogeneous. In contrast, the 

391 films formed under acidic conditions were thicker and possessed superior elastic properties, which 

392 yielded more stable emulsions. This finding underscores that the quality and rheological properties 

393 of the interfacial film, rather than simply the rate of protein adsorption, are the primary determinants 

394 of colloidal stability. Nevertheless, higher kinetic constant of interfacial tension decay were also 

395 observed for all emulsifiers at pH 7.0, with values -0.36 mN · m-1 · min-0.5 (wheat), -0.44 mN · m-1 

396 · min-0.5 (soy), and -0.26 mN · m-1 · min-0.5 (pea), further supporting the improved adsorption 

397 kinetics under neutral conditions (Figure 1D). 

398 3.2 Emulsion formation and emulsion stabilization capacity of plant-proteins
399 3.2.1 Particle size and microstructural organization

400 The particle size distribution and microstructure of all initial oil-in-water (o/w) emulsions and 

401 nanoemulsions were analysed to understand the structural organization of lipids within them. These 

402 characteristics are critical factors that likely influence the digestion kinetics of these systems. 
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403 At both pH levels, only Tween 80 formed nanoemulsions with nanometric droplet sizes (Figure 2) 

404 consistent with previous studies 42,52. At pH 3.0, it formed a nanoemulsion with an average particle 

405 size of 0.18 µm, whereas at pH 7.0, the nanoemulsion had an average particle size of 0.21 µm. 

406 Microscopic images confirmed the presence of sub-micron oil droplets in these Tween 80-based 

407 nanoemulsions (Figure 2). 

408

409 Figure 2. Micrographs and particle size distributions of initial nanoemulsions (NE) and 
410 emulsions (E), their corresponding chyme, and digests. Formulations were stabilized by 
411 Tween 80 (NE-Tween 80), soy (E-Soy), wheat (E-Wheat), or pea (E-Pea) protein isolates. Scale 
412 bars = 10 μm.

413 At pH 3.0, the wheat protein-based emulsion also exhibited size within the nanometre range (0.42 
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414 ± 0.10 µm). As previously discussed (section 3.1), wheat protein exhibited a greater ability to 

415 adsorb to the interface compared to the other proteins. This likely contributed to its efficient 

416 coverage of oil droplets during microfluidization and enhanced protection against coalescence, 

417 resulting in smaller particle size. However, the particle size distribution of wheat protein at pH 3.0 

418 was smaller than at pH 7.0, with an average particle size of 7.33 ± 0.27 µm at pH 7.0. Given that 

419 flocculation was not observed, the larger droplet sizes detected at the higher pH 7.0 must be 

420 attributed to enhanced coalescence, an observation visually confirmed by the micrographs (Figure 

421 2). This suggests a coalescence-dominated emulsification process, which is typical for emulsifiers 

422 with slow adsorption kinetics 53. During homogenization, newly formed droplets must be stabilized 

423 immediately to prevent them from coalescing. If the emulsifier’s adsorption to the interface is too 

424 slow, this rapid stabilization fails, leading to larger final droplet sizes. Therefore, it can be inferred 

425 that at pH 7.0, the lower solubility and functionality of wheat proteins resulted in slower adsorption 

426 kinetics, making them less effective at stabilizing the oil droplets formed during homogenization. 

427 This outcome seemingly contradicts the IFT results (section 3.1), which indicated better interfacial 

428 activity for wheat protein at pH 7.0. This discrepancy can be explained by two key differences 

429 between the emulsification process and the IFT measurement. First, the high-pressure 

430 microfluidization used for emulsification can induce protein denaturation, exposing more 

431 hydrophobic sites and altering emulsifying properties, whereas the IFT measurement assesses 

432 proteins in their native state 53. Second, the apparently superior interfacial activity at pH 7.0 in the 

433 IFT test could be an artifact of protein solubility. Wheat proteins exhibit lower solubility at pH 7.0, 

434 which is closer to their isoelectric point 53. In the IFT measurement setup, an oil droplet is placed 

435 at the bottom of the container. It is probable that the less soluble proteins at pH 7.0 precipitate more 

436 rapidly, settling downwards and accumulating at the oil-water interface more quickly than the 

437 highly soluble proteins at pH 3.0. This would result in a faster and more significant reduction in the 

438 measured IFT, without necessarily reflecting a better ability to form a stable emulsion under 

439 dynamic conditions. In fact, Liang and Tang 54 found that insoluble proteins can also adsorb at an 
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440 interface, where they tend to form a significantly thicker interfacial film compared to their soluble 

441 counterparts.

442 In contrast to the emulsion stabilized with wheat protein, emulsions stabilized by soy and pea 

443 proteins displayed larger particle size distribution at pH 3.0 compared to pH 7.0. This observation 

444 aligns with the findings of Franco et al. 55 who reported that pea protein-stabilized emulsions 

445 exhibited consistently larger particle size distributions at lower pH values (pH 3.5) compared to pH 

446 7.0. The authors attributed this to the higher adsorption kinetics of pea proteins at higher pH, which 

447 facilitated more effective coverage of the oil-water interface (consistent with section 3.1 and Figure 

448 1), thereby preventing droplet coalescence. This can also be attributed to the isoelectric points of 

449 these plant proteins. Pea and soy proteins have isoelectric points around pH 4.0-6.0 and 4.0-5.0, 

450 respectively, while wheat proteins have isoelectric point around pH 6.0-7.0 56. Near their isoelectric 

451 points, proteins exhibit reduced electrostatic repulsions, leading to increased aggregation and larger 

452 particle sizes 57. Furthermore, the neutrality of proteins at or near their isoelectric points reduces 

453 their tendency to coat oil droplets effectively resulting in larger or coalesced oil droplets, as 

454 observed in the microscopic images of the initial emulsions at pH 3.0 (Figure 2).

455 3.2.2 Particle Charge

456 Ζeta potential, defined as the electric potential at a particle’s slipping plane in a solution, is a crucial 

457 parameter for understanding the stability of colloidal dispersions 58. It reflects the magnitude of 

458 electrostatic repulsion or attraction between particles. For orally administrated emulsions and 

459 nanoemulsions, zeta potential significantly influences their ability to overcome physiological 

460 barriers and facilitates the systemic absorption of encapsulated active agents 59. Factors such as pH, 

461 ionic strength, and the presence of adsorbed molecules or surfactants can all affect zeta potential 60. 

462 In this study, the changes in the electrical characteristics (zeta potential) of the initial emulsions 

463 and nanoemulsions were investigated to evaluate their potential impact on in vitro lipid digestion 

464 (Figure 3). Among the various formulations, the nanoemulsions stabilized with Tween 80 at pH 

465 3.0 and 7.0 exhibited the lowest zeta potential values (Figure 3), suggesting a more stable oil-in-
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466 water emulsion system 61. Although Tween 80 is a non-ionic surfactant and might be expected to 

467 impart a neutral zeta potential, studies have shown that Tween 80-stabilized nanoemulsions often 

468 display negative zeta potential values 61. This negative charge can be attributed to several factors, 

469 including the inherent negative charge of oil droplets due to the presence of anionic hydroxyl groups 

470 (OH-) in the water or oil, and the adsorption of Tween 80 molecules, which can induce negative 

471 charges at pH values above 4.0 61.

472

473 Figure 3. Zeta potential (mV) of nanoemulsions and emulsions stabilized by Tween 80 (NE-
474 Tween 80), pea (E-Pea), wheat (E-Wheat), and soy (E-Soy) protein isolates during the initial, 
475 gastric, and intestinal phases at (A) pH 3.0 or (B) pH 7.0. Different lowercase letters indicate 
476 significant differences (p < 0.05) within each panel.

477 In comparison to Tween 80, protein-stabilized emulsions exhibited less negative zeta potential 

478 values at both pH 3.0 and 7.0. This is likely due to the adsorption of proteins molecules, which 

479 shifts the shear plane further from the droplet surface 9 and introduces positive charges 62. At pH 

480 3.0, proteins generally carry a positive charge, and their adsorption at the oil-water interface imparts 

481 a positive charge to the oil droplets. This effect was particularly pronounced for the emulsion 

482 stabilized with wheat protein isolates, consistent with other authors 63. Wheat protein has a higher 

483 ratio of basic to acidic amino acids 64 (a ratio of 15) compared to soy and pea proteins (a ratio of 5) 

484 (unpublished data). This can be partly because a large portion of its glutamic acid exists in its amide 

485 form, glutamine, which carries a positive charge in acidic environments 65,66. Consequently, at an 
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486 acidic pH of 3.0 (which is well below its isoelectric point, pI), wheat protein develops a strong 

487 positive charge. This high charge enhances its natural tendency to adsorb onto the oil-water 

488 interface. 

489 Conversely, at pH 7.0, emulsions stabilized with proteins displayed more negative zeta potential 

490 values, as proteins tend to become negatively charged at higher pH levels 67. Zeta potential data 

491 revealed that, at pH 3.0, wheat proteins carried a net positive charge whereas soy and pea remained 

492 negatively charged, and at pH 7.0 wheat was still less negatively charged than the other two 

493 proteins. This higher net surface charge likely promoted stronger electrostatic attraction and faster 

494 diffusion to the negatively charge oil-water interface, helping wheat protein achieve the greatest 

495 reduction in IFT, as observed previously (section 3.1 and Figure 1). This is also in agreement with 

496 the findings of Zhou et al. 24 who reported that wheat protein with less negative zeta potential at 

497 alkaline pH exhibited a greater ability to reduce IFT compared to less negative zeta potential at pH 

498 3.0.

499 The pH dependence of zeta potential in protein-stabilized emulsions can be attributed to changes 

500 in the ionization state of carboxyl and amino groups on the protein molecules. At low pH, 

501 protonation of these groups (—NH+
3  and —COOH) leads to prevailing the positive charges. At high 

502 pH, deprotonation (—NH₂ and —COO-) results in a net negative charge 68. 

503 3.2.3 Dynamic viscosity

504 Viscosity plays a significant role in food design and can influence lipid digestion, including the 

505 release of lipid-soluble bioactive (or health-related) compounds such as β-carotene. Although this 

506 study did not specifically investigate viscosity as a modulator of lipid digestion kinetics, the 

507 viscosity of the initial emulsions and nanoemulsions was measured to provide deeper insights into 

508 their properties and their potential impact on lipid digestion and β-carotene release.

509 All emulsions and nanoemulsions were prepared using proteins dissolved overnight in buffers 

510 adjusted to either pH 3.0 or pH 7.0, as consistently described throughout the study. Figure 4 

511 presents the viscosity results for emulsions and nanoemulsions stabilized with Tween 80 or plant 
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512 protein isolates under these specific pH conditions.

513

514 Figure 4. Viscosity (mPa·s) of initial nanoemulsions and emulsions stabilized by Tween 80 
515 (NE-Tween 80), pea (E-Pea), wheat (E-Wheat) or soy (E-Soy) protein isolates at pH 3.0 and 
516 pH 7.0. Different letters indicate significant differences among emulsions at different pH (p < 
517 0.05).

518 At pH 3.0, emulsions stabilized with soy and pea proteins showed comparable viscosities (around 

519 1.8–1.9 mPa·s), significantly higher than Tween 80-stabilized nanoemulsions (approximately 1.2 

520 mPa·s). The smaller droplet size in Tween 80 nanoemulsions allows for easier movement within 

521 the dispersion, leading to lower resistance to flow and, consequently, lower viscosity compared to 

522 emulsions with larger droplets 69. Wheat protein-stabilized emulsions exhibited the lowest viscosity 

523 among protein-stabilized samples at this acidic pH (around 1.1 mPa·s). These differences 

524 correspond well with the observed particle size distribution and microstructure data (section 3.2.1), 

525 where smaller droplets in wheat protein emulsions led to reduced flow resistance.

526 At pH 7.0, viscosity increased for all protein-stabilized emulsions compared to pH 3.0. Specifically, 

527 pea protein-stabilized emulsions had the highest viscosity (around 2.7 mPa·s), significantly greater 

528 than soy protein emulsions (around 2.1 mPa·s) and wheat protein emulsions (around 1.7 mPa·s). 

529 The Tween 80-stabilized nanoemulsion maintained the lowest viscosity (around 1.1 mPa·s) at this 

530 neutral pH. These findings highlight the significant influence of both protein type and pH conditions 
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531 on the viscosity of emulsions and nanoemulsions, further impacting their potential behaviour during 

532 lipid digestion.

533 3.2.4 Colloidal stability

534 The colloidal stability of the emulsions and nanoemulsions was evaluated over the first 24 h after 

535 preparation is presented in Figure 5. These backscattering profiles allow for the detection of early-

536 stage physical instability phenomena that are not yet discernible to the naked eye (Supplementary 

537 information, Figure S1). The results showed that Tween 80 (Figure 5A, B) produced a 

538 nanoemulsion with enhanced stability over time. This is consistent with the known emulsion-

539 stabilizing properties of non-ionic surfactants, which primarily rely on a robust steric repulsion 

540 mechanism 70. The ethylene oxide groups, and long hydrocarbon chain of Tween 80 are thought to 

541 contribute to this enhanced steric stabilization 71. Indeed, Hoeller et al. 71 observed that 

542 nanoemulsions stabilized with Tween 80 remained physically stable over a 10-week period, with 

543 no signs of flocculation, creaming, coalescence, or Ostwald ripening. 

544 In contrast, emulsions stabilized by soy (Figure 5C, D) and pea (Figure 5G, H) proteins exhibited 

545 notable differences in stability, demonstrating higher stability at pH 7.0 but considerable instability 

546 at pH 3.0. This aligns with the particle size and microstructural observations (section 3.2.1). These 

547 emulsions displayed substantial creaming at the top and almost complete clarification at the bottom 

548 of the tube at both pH levels. Proteins stabilize oil-in-water emulsions by imparting an electrical 

549 charge to the droplets, and this process is pH-dependent. Jian et al. 72 found that soy protein pre-

550 treated at pH 3.5 had a lower emulsifying activity index than at more acidic or alkaline pH values. 

551 This reduced activity was attributed to the diminished electrical charge of soy protein near its 

552 isoelectric point.

553 Conversely, wheat protein showed significant stability at pH 3.0 (Figure 5E) but decreased stability 

554 at pH 7.0 (Figure 5F). These findings are in agreement with previous studies, which document that 

555 wheat gluten exhibits superior solubility and emulsifying properties in acidic conditions (pH 2.0-

556 3.0) compared to near-neutral pH levels (pH 4.0-7.0) 53. Emulsion stability is strongly influenced 
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557 by pH and ionic strength, particularly for protein-stabilized emulsions which are known to 

558 flocculate near the isoelectric point of the adsorbed proteins 73,74. Since wheat proteins have an 

559 isoelectric pH range of 6.0–7.0 56, reduced solubility and interfacial activity is expected at pH 7.0, 

560 which is close to their isoelectric point. However, at pH 3.0, wheat proteins exhibited noteworthy 

561 emulsifying activity, resulting in a highly stable emulsion. At an acidic pH of 3.0, wheat protein 

562 undergoes significant conformational and chemical modifications that potentiate its emulsifying 

563 properties. The protein acquires a high net positive charge far below its isoelectric point, which 

564 induces intramolecular electrostatic repulsion. This force disrupts ordered secondary structures, 

565 such as α-helices and β-sheets, promoting partial protein unfolding and increased molecular 

566 flexibility 75. Concurrently, the acidic conditions facilitate the deamidation of glutamine-rich 

567 subunits, particularly the ω-gliadins. This chemical modification, along with subsequent hydrolysis 

568 of peptide bonds, results in the generation of lower molecular weight polypeptides. The combined 

569 effect of these changes is a molecular population characterized by a less ordered conformation rich 

570 in β-turns and composed of smaller, more mobile fragments. These attributes facilitate more rapid 

571 diffusion and adsorption at the oil-water interface, enabling the formation of a robust interfacial 

572 film that prevents droplet coalescence via electrostatic stabilization 75. Similarly, Fu et al. 63 showed 

573 that lowering the pH (to about pH 4.0) led to strong electrostatic repulsion between wheat gluten 

574 nanoparticles, preventing their aggregation. The enhanced stability of the emulsion emulsified with 

575 wheat protein at pH 3.0 can also be attributed to irreversible unfolding of the protein, making it 

576 more flexible and surface-active. This is analogous to findings by Jian et al. 72, who demonstrated 

577 that pH-shifting treatment improved the ability of soy proteins to form an interfacial membrane, 

578 leading to better oil droplet dispersion compared to native soy proteins. They attributed the 

579 heightened surface activity of treated soy protein isolates to increased exposure of hydrophobic 

580 amino acid side chains due to partial structural unfolding during treatment. Therefore, the pH likely 

581 induced similar structural changes in wheat protein, enhancing its ability to stabilize emulsion 

582 droplets. 
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583

584 Figure 5. Turbiscan stability profiles (over the first 24 hours) for nanoemulsions (NE-) and 
585 emulsions (E-) stabilized by Tween 80 or plant protein isolates (pea, wheat, soy) at (A, C, E 
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586 and G) pH 3.0 or (B, D, F and H) pH 7.0.

587 3.3 Behaviour of o/w emulsions and nanoemulsions during in vitro digestion
588 3.3.1 Particle size and microstructure during in vitro digestion

589 Particle size measurements were conducted following the gastric and intestinal phases of digestion, 

590 as shown in Figure 2. Both emulsions and nanoemulsions exhibited significant increases in droplet 

591 size after the gastric phase, indicating widespread coalescence within the chyme. This was further 

592 supported by the presence of larger particles in the micrographs (Figure 2), suggesting ongoing 

593 Ostwald ripening under gastric conditions 76. The intestinal phase led to greater polydispersity, with 

594 a mixture of small and large clusters consisting of digestion products (FFAs and micelles) and 

595 undigested, coalesced oil droplets. 

596 Nanoemulsions stabilized by Tween 80 showed a consistent particle size distribution compared to 

597 their respective initial nanoemulsions after the gastric phase at both pH levels. At pH 3.0, a peak at 

598 0.36 µm was observed after the gastric phase and persisted through the intestinal phase. A similar 

599 trend was observed at pH 7.0, with peaks at 0.31 µm and 5.92 µm after both phases. As a non-ionic 

600 surfactant, Tween 80 is unaffected by pH changes during the gastric phase, contributing to the high 

601 stability of these nanoemulsions under gastric conditions. This colloidal stability is particularly 

602 important when studying lipid digestion kinetics during gastrointestinal conditions, as the particle 

603 size, and consequently the surface area of lipid dispersions entering the small intestine, can 

604 significantly influence digestion dynamics 76.

605 Following the gastric phase, all emulsions stabilized with proteins at pH 3.0 displayed multimodal 

606 distributions with multiple peaks, indicating the presence of distinct particle populations. Given 

607 that the simulated gastric phase was adjusted to pH 3.0, matching the initial pH of the emulsions, 

608 the observed differences in their behaviour cannot be attributed primarily to a pH-shift effect. 

609 Instead, the presence of pepsin and physical disruption from in vitro gastric churning can 

610 significantly impact the colloidal structure and stability of protein-stabilized emulsions 77. 

611 Furthermore, the ionic strength of the simulated gastric fluid and the acidic conditions can induce 

612 droplet aggregation by reducing electrostatic repulsion between protein-coated droplets 77. Pepsin 
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613 can also hydrolyse proteins into smaller peptides and amino acids, further weakening the stabilizing 

614 protein films and increasing the susceptibility of droplets to coalescence and flocculation. The 

615 microscopy images also showed that oil droplets were coalesced and flocculated in the protein-

616 stabilized emulsions during gastric digestion (Figure 2). Moreover, the stomach’s churning action 

617 mechanically disrupts emulsion droplets, promoting coalescence and flocculation, thereby 

618 exacerbating the destabilizing effects of pH and pepsin.

619 After the gastric phase, chyme from emulsion stabilized with soy proteins at pH 3.0 exhibited the 

620 smallest particle size distribution, with peaks at 0.59 µm, 9.86 µm, and 40.10 µm. Chymes from 

621 emulsions stabilized with pea (0.59 µm, 8.68 µm, and 58.90 µm) and wheat proteins (0.59 µm, 7.64 

622 µm, and 45.60 µm) showed remarkably similar distributions, with the chyme from emulsion 

623 stabilized with pea protein having the largest particle sizes among the proteins. The smaller particle 

624 size of the chyme from emulsion stabilized with soy protein suggests a larger surface area for oil 

625 droplets and potentially enhanced susceptibility to pancreatic lipase in the small intestinal phase. 

626 Conversely, chyme from emulsion stabilized with pea protein may exhibit comparatively lower 

627 digestion rates relative to chyme from emulsion stabilized with wheat protein, highlighting the 

628 influence of particle size on digestive processes.

629 In general, emulsions stabilized with proteins at pH 7.0 exhibited smaller particle size distributions 

630 after the gastric phase compared to their counterparts at pH 3.0. The chyme of emulsions stabilized 

631 with wheat (0.52 µm, 5.92 µm, and 35.3 µm) and pea proteins (0.59 µm, 7.64 µm, and 35.3 µm) 

632 presented larger particle sizes with nearly identical distributions compared to chyme of emulsion 

633 stabilized with soy protein (0.59 µm and 3.12 µm). This indicates that emulsions stabilized with 

634 wheat and pea proteins at pH 7.0 tend to exhibit larger sizes after the gastric phase, while emulsions 

635 stabilized with soy protein maintain a distinctly smaller scale.

636 After the intestinal phase, for emulsions stabilized with proteins at pH 3.0, the particle size order 

637 of the digests was soy protein < wheat protein < pea protein. This order may reflect the extent of 

638 digestion, suggesting that the pea protein-stabilized emulsion was less digested compared to those 
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639 stabilized by wheat and soy proteins. The digest of emulsion stabilized with soy protein exhibited 

640 a multimodal distribution with peaks at 0.52 µm and 11.20 µm, indicating the smallest particle sizes 

641 among the proteins. In contrast, digests of emulsions stabilized with wheat (0.52 µm, 12.70 µm, 

642 98.1 µm, and 516 µm) and pea proteins (0.59 µm, 2.13 µm, 12.7 µm, 86.4 µm, and 586 µm) 

643 exhibited comparable distributions, with larger particle sizes. 

644 Following the intestinal phase of emulsions stabilized with proteins at pH 7.0, the digest of 

645 emulsion stabilized with wheat protein exhibited the largest particle size, with peaks at 0.52 µm, 

646 12.7 µm, and 98.1 µm. The digest of emulsion stabilized with pea protein showed peaks at 0.523 

647 µm, 11.2 µm, and 98.1 µm. Meanwhile, the digest of emulsion stabilized with soy protein had peaks 

648 at 0.40 µm, 6.72 µm, and 98.1 µm, representing the smallest particle size distribution among the 

649 samples.

650 These findings suggest that protein-stabilized emulsions undergo more pronounced changes in 

651 particle size distribution compared to Tween 80-stabilized nanoemulsions, depending on 

652 environmental conditions. Notably, pH plays a critical role in influencing their particle size and 

653 morphological properties. After in vitro gastric digestion, emulsions stabilized with soy protein 

654 exhibited the smaller particle sizes. Furthermore, the presence of residual oil droplets observed in 

655 the micrographs of all protein- and Tween 80-stabilized emulsions during the intestinal phase 

656 (Figure 2) suggests that lipid digestion was not fully completed.

657 3.3.2 Particle charge during in vitro digestion

658 The zeta potential of emulsions and nanoemulsions after in vitro gastric and intestinal digestion 

659 were measured and presented in Figure 3. After the gastric phase, chyme of nanoemulsions 

660 stabilized with Tween 80, at both pH 3.0 and pH 7.0, exhibited the lowest zeta potential values (-

661 35.95 ± 3.63 mV for pH 3.0 and -49.39 ± 3.02 mV for pH 7.0). This suggests that Tween 80 

662 maintained its integrity at the oil-water interface during gastric digestion, which is consistent with 

663 the particle size and micrograph data (section 3.2.1). As previously mentioned, Tween 80’s non-

664 ionic nature confers resistance to the changes in ionic strength and pH that occur during the gastric 
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665 phase.

666 Protein-stabilized emulsions showed a marked difference in zeta potential depending on whether 

667 the proteins were at pH 3.0 or 7.0. This highlights the significant impact of environmental pH on 

668 the surface charge and interfacial properties of protein-stabilized emulsions during gastrointestinal 

669 digestion. For chyme of emulsions stabilized with proteins at pH 3.0, the zeta potential values were 

670 -24.70 ± 2.75 mV (pea), -12.29 ± 13.73 mV (soy), and -19.58 ± 6.24 mV (wheat). These values 

671 were less negative than those observed for chyme of emulsions stabilized with proteins at pH 7.0, 

672 which were -34.90 ± 3.10 mV (pea), -35.30 ± 5.50 mV (soy), and -21.75 ± 8.54 mV (wheat). 

673 Comparing the chyme with the corresponding initial emulsions revealed that emulsions stabilized 

674 with proteins at pH 7.0 underwent fewer changes in surface zeta potential during digestion. This is 

675 likely because proteins at pH 7.0 have a greater ability to remain adsorbed at the oil-water interface, 

676 consistent with the DIFT measurements (Figure 1).

677 3.3.3 In vitro lipid digestibility

678 The release of FFAs during the in vitro intestinal phase was monitored to compare the behaviour 

679 of different protein emulsifiers (Figure 6). Nanoemulsion stabilized with Tween 80 showed 

680 significantly higher lipolysis (71.77 ± 1.81 % and 79.53 ± 1.52 %, respectively at pH 3.0 and 7.0) 

681 than emulsions stabilized with pea and wheat proteins (p < 0.05). Although emulsion stabilized 

682 with soy protein exhibited lower lipolysis than nanoemulsion stabilized with Tween 80, this 

683 difference was not statistically significant (p > 0.05). The lipolysis profiles exhibited two distinct 

684 phases: an initial rapid phase followed by a slower phase or plateau. To quantify these phases, a 

685 power-law model FFA(t) = FFA0 + K · t 0.5

686 (Eq. 3) was applied, and the resulting parameters, FFA0 (initial FFA concentration) and k 

687 (rate constant), for both phases are summarized in Table 1.
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688

689 Figure 6. In vitro lipid digestibility expressed as free fatty acid (FFA) release (%) during the 
690 intestinal phase (min) of emulsions and nanoemulsions stabilized by Tween 80 ■ or plant 
691 protein isolates (pea ●, wheat ▼, soy ▲) at (A) pH 3.0 and (B) pH 7.0. Symbols represent 
692 experimental data, solid lines represent model predictions.

693 All emulsions displayed biphasic lipolysis, characterized by an initial rapid FFA release phase (k1) 

694 followed by a slower phase or plateau (k2) (Table 1). This pattern can be attributed to several 

695 factors. Initially, heigh concentrations of bile salts enhance lipid emulsification and solubilization, 

696 increasing the surface area available for lipase activity and leading to rapid triglyceride breakdown. 

697 As digestion progresses, the depletion of available triglyceride substrates contributes to a decline 

698 in the lipase activity rate. Furthermore, the accumulation of lipolysis products at the oil droplet 

699 interface, coupled with a reduced rate of their removal, further slows the release of FFAs. The slow 

700 but continuous increase indicates that lipolysis activity was low but still ongoing at the end of the 

701 experiments. For emulsions stabilized with proteins at pH 3.0, the slow rate of FFA release during 

702 the plateau phase may also be attributed to protein hydrolysis, both at the interface and in the 

703 aqueous phase. The resulting hydrolysis products can hinder lipase access to the oil droplet surface, 

704 thus slowing down the overall lipid digestion process.

705 Table 1. Estimated kinetic parameters from power law model fitted to free fatty acid (FFA) 
706 release data during 120 min of in vitro small intestinal digestion. Samples were nanoemulsions 
707 and emulsions stabilized by Tween 80 or soy, wheat and pea protein isolates at pH 3.0 or pH 
708 7.0.
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709 * FFA0 is the initial concentration of FFAs, k is the rate constant governing the reaction, and t is the time for FFAs to reach 
710 the plateau. The suffixes ‘1’ and ‘2’ denote Phase 1 and Phase 2, respectively.
711

712 To evaluate the overall effect of the emulsifier, parameter values from both pH levels were pooled 

713 for statistical analysis. The analysis revealed that nanoemulsions stabilized with Tween 80 

714 exhibited the highest initial lipolysis rates (k1 = 23.13 ± 0.10 %/min0.5 and 24.53 ± 0.55 %/min0.5, 

715 respectively), and FFA concentration at the transition point (FFA02), followed by emulsions 

716 stabilized with soy protein, while emulsions stabilized with pea and wheat proteins showed the 

717 lowest values. Although not statistically significant (p > 0.05), Tween 80 nanoemulsions 

718 consistently showed higher lipolysis than protein-stabilized emulsions. This is likely due to the 

719 smaller particle size distribution in Tween 80 nanoemulsions (section 3.2.1), which provides a 

720 significantly larger surface area for lipase adsorption and triglyceride breakdown compared to the 

721 larger protein-stabilized emulsions.

722 For emulsions stabilized with proteins at pH 3.0, the initial phase lipolysis rate (k1) was lower 

723 (though not significantly) for pea protein isolates (15.63 ± 1.05 %/min0.5) compared to wheat (16.75 

724 ± 2.71 %/min0.5) and soy protein isolates (19.63 ± 1.36 %/min0.5). Similarly, the second phase 

725 lipolysis rate (k2) was also lower for pea protein isolates (2.54 ± 0.39 %/min0.5) compared to wheat 

726 (3.33 ± 0.16 %/min0.5) and (not significantly) to soy protein isolates (2.88 ± 0.28 %/min0.5). 

727 Consequently, the pea protein-stabilized emulsion exhibited a slightly, but not significantly, lower 

728 overall extent of lipolysis (57.28 ± 4.97 %) compared to those stabilized by wheat (69.63 ± 4.18 

729 %) and soy protein isolates (73.93 ± 1.45 %). The reduced lipolysis with pea protein can be 

730 attributed to its lower ability to reduce IFT (Figure 1) and its lower stability (Figure 5G) at pH 3.0. 

731 This inadequate oil droplet coverage likely led to protein aggregation and oil droplet coalescence 

732 during the gastric phase, resulting in the largest observed particle size in the chyme for this emulsion 

 FFA01 (%) k1 (%/min0.5) R12 t (min) FFA02 (%) k2 (%/min0.5) R22

NE-Tween 80 -19.30±0.17 23.13±0.10 0.96±0.00 11.09±0.24 55.29±0.26 1.41±0.14 0.92±0.00
E-Soy -14.01±1.88 19.63±1.36 0.98±0.00 9.58±0.02 42.51±4.03 2.88±0.28 0.99±0.00
E-Wheat -10.46±3.14 16.75±2.71 0.98±0.00 11.34±0.07 33.85±5.55 3.33±0.16 0.99±0.00pH

 3
.0

E-Pea -9.06±1.24 15.63±1.05 0.99±0.00 11.56±0.19 30.06±0.79 2.54±0.39 0.99±0.00
NE-Tween 80 -21.71±0.97 24.53±0.55 0.96±0.00 12.54±0.54 64.90±3.86 1.28±0.20 0.98±0.00
E-Soy -17.00±1.37 21.65±0.90 0.97±0.00 9.98±0.16 48.87±3.29 1.90±0.25 0.98±0.03
E-Wheat -10.17±1.30 12.62±4.38 0.94±0.06 12.08±1.58 27.40±23.07 2.40±0.87 0.93±0.08pH

 7
.0

E-Pea -10.87±5.14 16.93±4.06 0.98±0.01 10.14±0.73 32.72±6.67 3.04±0.08 0.99±0.01
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733 (Figure 2). The reduced oil droplet surface area upon entering the intestinal phase consequently 

734 contributed to the lower lipolysis rate observed for the pea protein emulsion. The slightly higher 

735 digestibility of the soy and wheat protein emulsions compared to the pea protein emulsion can be 

736 attributed to two potential factors. First, after simulated gastric digestion at pH 3.0, the soy and 

737 wheat emulsions had smaller particle sizes (Figure 2), which provides a larger surface area for 

738 proteolytic enzymes. Second, protein secondary structure influences enzymatic accessibility, as a 

739 high content of rigid β-sheet structures typically reduces digestibility. This is relevant because 

740 wheat gluten contains a lower proportion of β-sheets than pea protein, likely contributing to the 

741 higher digestibility observed in the wheat protein emulsion 78.

742 For emulsions stabilized with proteins at pH 7.0 (Figure 6B), the emulsion stabilized with wheat 

743 protein isolates showed the lowest extent of lipolysis (53.90 ± 13.64 %), although this was not 

744 significantly different from emulsions stabilized with soy (70.25 ± 0.72 %) or pea protein isolates 

745 (65.57 ± 8.07 %). This can be attributed to the instability of the wheat protein emulsion at pH 7.0, 

746 which resulted in particle aggregation and coalescence, reducing the available surface area for 

747 lipase action and hindering lipase diffusion.

748 While the findings of this study provide valuable mechanistic insights, it is important to 

749 acknowledge the inherent limitations of the static in vitro digestion model utilized. Static models 

750 cannot fully replicate the complex physiochemical and physiological processes occurring within 

751 the human gastrointestinal tract. Specifically, the simplified physiological conditions such as 

752 constant pH steps and fixed enzyme ratios lack the dynamic peristalsis, gradual gastric emptying, 

753 and continuous fluid secretions present in vivo 79. Furthermore, this model assesses bioaccessibility 

754 rather than true bioavailability, as it does not account for the complex processes of epithelial 

755 transport and cellular uptake across the intestinal mucosa, nor does it simulate the metabolic 

756 transformations mediated by the gut microbiota in the lower gastrointestinal tract 80. Despite these 

757 constraints, static in vitro models are highly recognized for their utility in rapidly screening the 

758 influence of food matrix composition and identifying the interfacial properties of delivery systems 
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759 that govern their digestive fate. Importantly, numerous studies have demonstrated that in vitro 

760 digestion models similar to the one employed in this work yield bioaccessibility trends that 

761 positively correlate with in vivo outcomes 5.

762 3.3.4 β-carotene bioaccessibility

763 In this study, β-carotene bioaccessibility was relatively low, ranging from 9.04 to 13.41 % 

764 depending on the emulsifier and pH (Figure 7). The pH (3.0 vs 7.0) did not significantly change β-

765 carotene bioaccessibility (p > 0.05). Numerically, emulsions stabilized by wheat protein showed 

766 the highest mean bioaccessibility at both pH values (12.61 ± 1.03 % at pH 3.0, and 13.41 ± 4.09 % 

767 at pH 7.0), and were slightly but not significantly (p > 0.05) higher than the Tween 80 nanoemulsion 

768 (around 11 %). In contrast, emulsions stabilized by soy and pea proteins were lower (around 9 to 

769 10 %).

770

771 Figure 7. β-carotene bioaccessibility (%) in the micellar phase after 120 min of in vitro 
772 intestinal digestion of emulsions and nanoemulsions stabilized by Tween 80 or plant protein 
773 isolates (soy, wheat, pea) at pH 3.0 or pH 7.0. Different letters indicate overall significant 
774 differences of β-carotene bioaccessibility values among emulsions regarding their emulsifier 
775 type (p < 0.05).

776 These values are in line with those observed in several emulsion systems stabilized by plant 

777 proteins. For example, Fu et al. 63 reported that emulsions stabilized by wheat gluten nanoparticles 
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778 had bioaccessibility values starting around 11 %, which improved when combined with other 

779 stabilizers. Similarly, pea protein-stabilized systems have been reported to exhibit β-carotene 

780 bioaccessibility around 8.53 % 11, while soy protein isolate-stabilized emulsions showed values 

781 around 10.6 % 81. Collectively, these studies support the view that plant-protein interfaces can yield 

782 modest carotenoid bioaccessibility, often constrained by digestion-driven interactions among 

783 proteins, bile salts, and lipid digestion products.

784 Multiple mechanisms have been proposed to explain low β-carotene bioaccessibility in protein-

785 stabilized systems. One widely discussed limitation is the interaction between plant proteins (or 

786 their digestion products) and bile salts, which can promote the formation of insoluble aggregates 

787 during digestion. Such aggregates may physically entrap β-carotene and reduce its transfer into 

788 mixed micelles 63. In addition, gastric proteolysis can weaken the interfacial layer. When interfacial 

789 proteins are degraded, droplets may become more prone to coalescence, increasing the mean droplet 

790 size and decreasing the accessible interfacial area for lipase action. This can reduce free fatty acid 

791 release, limiting mixed micelle formation and ultimately restricting the solubilization of β-carotene 

792 into the micellar phase 81. Other factors reported to further depress bioaccessibility include (i) 

793 incomplete intestinal lipid digestion associated with relatively large droplet size, and (ii) chemical 

794 degradation of β-carotene under harsh gastric conditions, including isomerization and/or oxidation 

795 in highly acidic environments 11.

796 When positioned within the broader literature, our results fall between two extremes that have been 

797 reported for emulsion-based delivery systems. On one hand, much lower bioaccessibility values 

798 (about 1 to 3 %) have been reported 82. In that study, changing the emulsifier from protein to Tween 

799 20 increased β-carotene bioaccessibility dramatically (from 1 to 3 % up to 72.5 %), highlighting 

800 how strongly interfacial composition can control micellarization 82. Furthermore, the low values in 

801 protein-stabilized systems were attributed either to direct carotenoid-protein interactions or to 

802 electrostatic interactions between anionic mixed micelles and cationic protein molecules that could 

803 hinder micelle formation and carotenoid incorporation 82. Lipid composition is also critical, since 
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804 emulsions formulated with short-chain fatty acids have been reported to show much lower (about 

805 1 %) bioaccessibility than those containing long-chain fatty acids (about 41 %) 83. These 

806 observations are consistent with the concept that both interfacial interactions and the nature of 

807 digestion products (long-chain fatty acids and their ability to form mixed micelles) can strongly 

808 modulate carotenoid bioaccessibility.

809 On the other hand, considerably higher bioaccessibility values have been reported, ranging from 

810 26.98 % up to 70.1 % 84,85. Across these studies, higher bioaccessibility has been linked to several 

811 converging factors: higher oil content and thus greater release of free fatty acids during digestion 

812 84, the use of multilayer or tertiary emulsions that can increase bioaccessibility more than two-fold 

813 (from around 30 % to around 70 %) 85, and digestive conditions that provide a higher lipase-to-lipid 

814 and bile-to-lipid ratio, thereby ensuring sufficient mixed micelles to incorporate released β-carotene 

815 83. In addition, chemical or physical protection of bioactive during digestion, for example via 

816 antioxidants or interfacial architectures that reduce degradation, has been described as beneficial 

817 11,84,85. Conversely, systems that avoid emulsifier-bioactive interactions that interfere with micellar 

818 incorporation have been associated with higher bioaccessibility 86. Finally, combining proteins with 

819 other surface-active components has repeatedly been highlighted as an effective strategy to enhance 

820 bioaccessibility 11, consistent with reports where wheat gluten nanoparticle systems improved upon 

821 inclusion of complementary stabilizers 63. 

822 Within our own dataset, the higher bioaccessibility observed for wheat protein emulsions compared 

823 with pea and soy emulsions suggests that wheat proteins may have promoted more effective micelle 

824 formation. One possible explanation is a stronger contribution from wheat protein hydrolysates 

825 generated during gastric digestion. Since proteins adsorbed at the oil-water interface are more prone 

826 to proteolysis 87, and considering the lower IFT of wheat protein (Figure 1), wheat proteins may 

827 have been more effectively positioned at the interface, leading to more extensive proteolysis during 

828 the gastric phase. The resulting hydrolysates could then facilitate mixed micelle formation and/or 

829 reduce interfacial constraints on lipolysis, ultimately enhancing β-carotene transfer into the micellar 
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830 phase. Overall, the literature consistently shows that β-carotene bioaccessibility is highly sensitive 

831 to interfacial composition and digestive conditions, which helps explain why reported values can 

832 span from about 1 % to more than 70 % 85,88,89. 

833 4 Conclusions

834 This study demonstrates that plant proteins offer a viable alternative to synthetic surfactants like 

835 Tween 80, provided that the formulation pH is selected in relation to each protein’s isoelectric 

836 region and aggregation tendency. While the benchmark Tween 80 remained stable across all 

837 conditions, wheat protein at pH 3.0 formed highly stable emulsions that facilitated efficient lipolysis 

838 and β-carotene bioaccessibility comparable to the synthetic surfactant, highlighting its potential for 

839 acidic food matrices. In contrast, soy and pea proteins required neutral conditions to minimize 

840 aggregation, supporting their use as clean-label emulsifiers for near-neutral formulations. These 

841 results emphasize that the choice of plant protein emulsifier should be guided by the intended 

842 product matrix, particularly its pH, and having established these fundamental mechanisms in a 

843 controlled in vitro setting, these results can serve as a basis for future research to validate their 

844 performance within more complex, dynamic biological environments.
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The data that support the findings of this study are openly available in CORA.Repositori 
de Dades de Recerca at https://doi.org/10.34810/data2788.
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